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INTRODUCTION
Range expansions are a recurrent phenomenon in the history of many species. If one assumes that speciation occurs in a restricted portion of an ancestral species range, the fact that current species have a wide geographic distribution implies that they have spread from their initial location. This is for instance thought to be the case of modern humans (e.g. CAVALLI-SFORZA and FELDMAN 2003) . Climatic changes such as ice ages have also triggered episodes of range contractions and expansions in many plant and animal species (e.g. HEWITT 2000; SHAPIRO et al. 2004; SMITH and FARRELL 2005; TABERLET et al. 1998; TZEDAKIS et al. 2004 ). Finally, invasive species which are introduced into new and favorable habitats often spread from their introductory site, and then quickly expand to a large territory by a series of migrations and colonization events (e.g. SILVA et al. 2002; SMITH et al. 2004) . AUSTERLITZ et al. (1997) studied the pattern of molecular diversity after a colonization process in a one-dimensional stepping-stone model. They showed that the expansion leads to a series of bottlenecks inducing a gradient of differentiation from the initial deme unless migration rates between demes is very large. Thus, range expansions can somehow be viewed as a series of successive founder events (AUSTERLITZ et al. 1997) . LE CORRE et al. (1998) analyzed the effects of these founder events on within-population heterozygosity and on genetic differentiation (as measured by F ST ) in two models of range expansions: a linear array of demes (1-D stepping-stone model) where dispersal occurs only between neighboring demes, and an island model representing an extreme case of long-distance dispersal. While an increase in F ST and a decrease in intra-deme heterozygosity were found in both models, these effects were much more pronounced in the linear stepping-stone model. A recent study has shown that the pattern of molecular diversity observed after a range expansion is different from that expected after a pure demographic expansion, and depends mainly on the age of the expansion as well as the number of migrants exchanged between neighboring demes (RAY et al. 2003) . By simulating a range expansion in a two-dimensional stepping-stone world, RAY
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-5 -et al. (2003) showed that the expected distribution of the number of differences between pairs of genes (also called the mismatch distribution) is bimodal if the number of genes entering each deme per generation is not large (<50). This is in contrast to the unimodal distributions observed for larger migrations rates between neighboring demes, which are very similar to those obtained after a large demographic expansion in an unsubdivided population (ROGERS and HARPENDING 1992; SLATKIN and HUDSON 1991) . These results were confirmed analytically for a simple instantaneous expansion in an infinite-island model (EXCOFFIER 2004) . RAY et al. (2003) also found that summary statistics used in tests of selective neutrality (like Tajima's D and Fu's F S ) showed significant negative values only in demes exchanging a larger number of migrants. Contrastingly, demes receiving less than about 20 genes per generation would not show any sign of departure from demographic equilibrium despite being part of a large expanding population.
All expansion models described so far assumed that deme sizes and migration rates had been constant over time, as expected in a homogeneous and stationary environment. However, many species do not meet these assumptions, since they are actually subdivided into locally breeding demes of different size showing metapopulation dynamics, with extinction and recolonization (e.g. HANSKI and GILPIN 1997) . In a pioneering work, SLATKIN (1977) has extended the work of MARUYAMA (1970) and introduced a genetic metapopulation model with two different modes of recolonization: the propagule-pool model in which all colonists originate from a single, randomly chosen deme; and the migrant-pool model, in which the colonists are drawn randomly from the whole population. The resulting pattern of genetic differentiation is complex and depends on the pattern of extinctions and recolonizations, since random extinctions can be considered as another form of genetic drift increasing differentiation between demes, while recolonizations can be seen as founder effects contributing to gene flow between demes, making them potentially more similar. PANNELL and CHARLESWORTH (1999) observed that colonization was more likely to follow the Effect of environmental heterogeneity on molecular diversity -6 -propagule-pool model in highly structured metapopulations, since colonists would tend to originate from neighboring colonies. WADE and MCCAULEY (1988) reframed the central equations from SLATKIN's (1977) models in terms of F ST , a measure of the genetic differentiation among demes. They showed that in SLATKIN's (1977) metapopulation model without mutation, population differentiation is indeed reduced when the number of colonists exceeds twice the number of migrants exchanged between demes. In all other cases however, the process of extinction and recolonization increased population differentiation, and often very substantially. WHITLOCK and MCCAULEY (1990) then generalized these recolonization models by introducing the probability of a common origin of colonizing gametes (Φ). In particular, they showed that population differentiation increases if the number of colonists is less than four times the number of migrants exchanged between demes when Φ =0.5. This is an interesting result, since several studies of natural populations (e.g. INGVARSSON et al. 1997; WHITLOCK 1992a) (1990) . In line with previous studies of simple finite-island models without extinctions (WAKELEY 1999) , he showed that if the number of demes is large, there is a separation of time scales within the genealogical history of a sample, which consists of a brief 'scattering' phase followed by a more ancient 'collecting' phase that dominates the genealogical history. While the scattering phase is a stochastic and structured process shaping the pattern of variability within-vs. between-demes, the collecting phase is an unstructured coalescent process (KINGMAN 1982a; KINGMAN 1982b) with an effective size determined by the migration and extinction-recolonization pattern of the metapopulation. While this approach leads to many insights about the effects of metapopulation dynamics on genetic diversity, it is not spatially explicit, and assumes (like all previously presented metapopulation models) that all demes Effect of environmental heterogeneity on molecular diversity -7 -have the same size. In an early attempt to account for variability in population densities, WHITLOCK (1992b) studied the effect of variation in deme size, migration rate and extinction rate on the probability of identity by descent. He concluded that this kind of temporal or spatial variation can significantly affect the amount of genetic variation among demes.
WAKELEY (2001) also studied a finite-island model with variation in deme sizes, and derived expressions for the effective populations size N e . He showed that size variation among demes always reduces N e because the decrease in coalescent times in small demes more than offsets its increase in large demes. WAKELEY and ALIACAR (2001) then analyzed this model with extinction and recolonization following the migrant-pool model of SLATKIN (1977) , and showed that the expected number of segregating sites within deme was correlated with deme size and migration rate. Demes facing a higher extinction rate would also be less polymorphic unless the number of new incoming colonists was very large compared to the extinction rate.
Contrary to genetic metapopulation models where an arbitrary probability of extinction is the key parameter distinguishing metapopulation from other subdivided population models (LEVINS 1969; SLATKIN 1977) , ecological metapopulation models are often spatially explicit and more realistic, as they often use environmental information like patch size and connectivity to compute extinction probabilities (see e.g. HANSKI and OVASKAINEN 2003) An example of such an ecological model is the incidence function model developed by HANSKI (1994), which uses deme area, deme quality and deme coordinates to predict the dynamics or the fraction of occupied demes in any metapopulation. However, while incorporating more biological information than genetic metapopulation models, ecological metapopulation models do not predict patterns of genetic diversity but rather metapopulation stability or the number o occupied demes.
In an attempt to explicitly link environmental information to genetic data, CURRAT et al. (CURRAT et al. 2004) have developed a computer program (SPLATCHE) to simulate genetic data taking spatial environmental heterogeneity into account. Under the SPLATCHE Effect of environmental heterogeneity on molecular diversity -8 -framework, the demographic and migration history of a set of subpopulations arranged on a two-dimensional lattice is first simulated, and then used to generate the genealogy of genes sampled at one or several locations under a coalescent backward approach (CURRAT et al. 2004 ). The separation of demographic and genetic simulations allows one to include more realism into the demographic model, while keeping the genetic simulations simple and fast.
Spatial environmental heterogeneity is handled by assigning demes to particular ecovegetation types, which are assumed to sustain different number of individuals and where migration may be more or less difficult. One can thus explicitly associate a given carrying capacity and a given migration friction to each ecotype, which will impact on the demographic history of the demes, and therefore on their expected neutral genetic diversity.
Even though the current SPLATCHE framework is relatively flexible and can even deal with some form of temporal changes of the environment (RAY et al. 2003) , it assumes that a given type of environment is uniformly occupied, which is quite unrealistic. It may indeed be more realistic to assume that a particular environment is not uniformly occupied by a given species, which could therefore have a patchy distribution due to chance alone. Even though a given environment may be perceived as uniform, it will almost always present microheterogeneities in the distribution of resources (e.g. water, sunlight, nutrients, preys) or various physical conditions (e.g. humidity, temperature), which should translate into different population densities at different locations. For instance, even though most populations living in unfavorable environments (e.g. deserts) have low densities, a few populations may show much larger densities due to microclimatic fluctuations or access to rare resources (e.g. water).
In this paper, we extend the SPLATCHE framework (CURRAT et al. 2004) , and we introduce a convenient way to model spatial and temporal environmental heterogeneity with just two new parameters. We model spatial heterogeneity of the environment by assuming that the carrying capacities of the demes found in a given type of environment follow a gamma Effect of environmental heterogeneity on molecular diversity -9 -distribution, and we use the shape parameter (α) of this distribution to control the degree of spatial heterogeneity. Temporal heterogeneity is controlled by a second parameter, which is the autocorrelation of carrying capacities over time (ρ). We then study the effect of various types of environmental heterogeneity on different aspects of molecular diversity within and between demes by extensive simulations.
MATERIAL AND METHODS
Our simulation framework extends that introduced by CURRAT et al. (2004) , who proposed to simulate the effects of heterogeneous environments on the molecular diversity after a range expansion in two steps: a first forward step simulates population densities and migration events, and a second backward step simulates molecular diversity based on the demography simulated in the first step using a coalescent approach. While this approach is more fully described elsewhere (e.g. CURRAT et al. 2004; RAY et al. 2003) , we briefly outline here these two steps below. . Each generation, a growth phase is followed by an emigration phase from every occupied deme to neighboring demes with an emigration rate per gene lineage m, which may vary over simulations, but which is assumed constant over time and space for a given simulation. The density of each deme is logistically regulated, with an intrinsic growth rate r (we used here a constant r value of 0.5) and a carrying capacity K depending on the environment assigned to the deme. In our simulations, only one type of environment is used for the whole metapopulation. Note however that the carrying capacity of the i-th deme, K i , may vary according to spatial and temporal heterogeneity, as described later in this section. The number of emigrants sent by the i-th deme during the migration phase is thus N it m, where N it is the local deme size at time t. The N it m emigrants are then distributed
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-10 -equally among the four neighboring demes. The density of the demes is then regulated in the next growth phase. The way migration is modeled here differs from SLATKIN's (1977) model and its followers (see e.g. PANNELL and CHARLESWORTH 2000) , where migration is considered as the proportion of individuals that are replaced by new immigrants in each deme.
In our model, the number of emigrants depends on local deme size, whereas the number of immigrants depends on the size of surrounding demes. In the case of a spatial variation in deme size, this would results in small demes receiving more migrants than they send to larger neighbors, this unbalance being then logistically regulated. In the SPLATCHE framework, migration also depends on a friction parameter that may differ according to the environment, but for the sake of simplicity we have chosen here to assume a uniform friction in the whole environment, such that migration patterns will just depend on deme densities and emigration probability m per lineage.
In order to get results comparable to a previous study of a range expansion in a uniform environment, (RAY et al. 2003) , we simulated the same expansion time of 4,000 generations in the past. This time was then arbitrarily selected because these authors were interested in human evolution and 4,000 generations roughly correspond to the emergence of modern humans about 120,000 years ago. However, results for expansion times of 1,000 or 10,000 generations are reported in Supplementary Material Tables S1 to S4. Note however that we did not consider very recent range expansions, because up to 1000 generations are necessary to colonize our simulated world, such that our results would not necessarily apply to the case of invasive species. We always performed 1,000 demographic simulations per set of parameters.
Genetic simulations:
The program SPLATCHE was modified to simulate the genealogy of sampled genes to take environmental heterogeneity into account as described below. The genealogy of a sample of 30 genes in a deme located at position <5;5> was simulated to study intra-deme DNA sequence diversity, and we allowed for multiple coalescent events per (FU 1997 COCKERHAM 1984) . Because the number of demes is high (2500), the average number of pairwise differences between demes π xy is equivalent to the expected number of pairwise differences between two randomly chosen genes in the population. We always performed 10 genetic simulations per demographic simulations, such that a total of 10000 genetic simulations were performed for each set of parameters.
Spatially heterogeneous environments:
We assume that differences in environmental conditions affect the carrying capacity (K) of the demes. While an heterogeneity in carrying capacities over space could certainly result from adaptive or selective processes, we shall concentrate on neutral diversity at an unlinked marker, the diversity of which only depends on population demography. Environmental heterogeneity was thus modeled by assuming that the carrying capacity of each deme was a random variable drawn from a Gamma distribution with mean K , shape parameter α , and variance K 2 /α. The Gamma distribution is commonly used to reflect heterogeneous processes like spatial heterogeneity of mutation rates along chromosomes (e.g. ARIS-BROSOU and EXCOFFIER 1996; NEI et al. 1976; WAKELEY 1993 Effect of environmental heterogeneity on molecular diversity -13 -for a given deme. Note that temporally stable environments can be simulated by setting ρ to 1.
For fixed α and ρ values, the absolute magnitude of the temporal change in carrying capacity of a deme will depend on its current value. It implies that the probability for a deme to go extinct will depend on its current size, and will thus be larger in currently small than in currently large demes, which seems realistic. This situation differs from previous genetic metapopulation model (e.g. SLATKIN 1977) , where the extinction probability is assumed constant over time and identical for all demes. Our model is therefore closest to a conventional genetic metapopulation model when we assume very low ρ values (ρ→0), where the probability of extinction is not correlated to deme size and is equal to the expected proportion of empty demes for given α and K values. In temporally stable environments (ρ≈1), only demes with currently small carrying capacities face the risk of extinction and empty demes will stay longer empty, since they cannot be recolonized as long as their carrying capacity is zero.
[ Table 1 around here]
RESULTS
The results of our simulations are divided into three sections. We shall first present results obtained in the absence of environmental heterogeneity, and outline here several aspects of DNA sequence diversity within and between samples. We shall then present comparable results under a model with spatial heterogeneity and finally results obtained with both spatial and temporal environmental heterogeneity.
Constant environment:
The pattern of genetic diversity within and between demes is reported in Table 1 Note however that we have measured F ST by considering two demes geographically quite far from each other. The coalescence time of two genes drawn from these two demes will always be close to the expansion time, irrespective of the heterogeneity of the environment. It is possible that the coalescence time of two genes drawn from two geographically close demes would be more affected by environmental heterogeneity, and therefore that F ST would also depend on the level of genetic diversity between demes in that case.
In Table 2 we present the performance of two statistics used to detect departure from selective neutrality and population equilibrium: Tajima [ Table 2 around here] Spatial heterogeneity: Results on the amount of genetic diversity within and between populations after an expansion in a heterogeneous environment are presented in Table 1 . We find that an increase in the degree of environmental heterogeneity has globally the same effect for different sets of K and m values: with decreasing α values, genetic diversity within sample is reduced (π and S decrease), while it is more variable between replicates (the coefficients of variation of π and S increase with α), and F ST is increased while its coefficient (α=∞) and a highly heterogeneous environment (α=0.5) ( Table 1 ). Note that π xy is also marginally affected by the degree of environmental heterogeneity. While the age of the expansion will affect the extent and pattern of molecular diversity, the effect of environmental heterogeneity is qualitatively similar for different expansion times and will not be discussed hereafter (see Supplementary Material Tables S1 to S4 reporting results analogous to Tables 1   and 2 for expansion times of 1,000 or 10,000 generations).
[Figure 2 around here]
In Figure 2 , we report F ST values as a function of the average carrying capacity of the environment for different degrees of spatial heterogeneity, but for a constant K m value of 10.
As already shown in Table 1 , the level of genetic structure is lowest for homogeneous environment and increases with environmental heterogeneity. However, Figure 2 shows that F ST is also very sensitive to the average size of the demes in heterogeneous environments, which is much less the case in homogeneous environments. 
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-16 -D statistic to detect past expansion is reduced from 96% in homogeneous environments down to only 13% in heterogeneous environments with α = 0.5.
[ Table 3 around here]
Temporal Heterogeneity: In Table 3 Table   S5 .
In highly fluctuating environments (i.e. when ρ<0.4 and α=0.5 in Table 3 ), genetic diversity within demes is considerably reduced, while the overall genetic diversity as measured by π xy is only slightly decreased, resulting in a sharp increase in F ST . We therefore see that increasing temporal heterogeneity has a similar effect as increasing spatial heterogeneity. Note that while it is quite difficult to strictly compare our model to previous metapopulation models, the observed magnitude of the increase in F ST due to temporal changes in spatially highly heterogeneous environments is similar to the predictions of WADE and MCCAULEY (1988) .
For instance, in the case of K =200, ρ = 0 and α=0.5, we observe that 5.6% of the demes go extinct per generation on average, and this extinction rate is expected to result in a 50%
-17 -increase in F ST under WADE and MCCAULEY's (1988) migrant-pool colonization model as compared to the no-extinction case, whereas our simulations show a 46% increase (from 0.168 for ρ=1 to 0.248 for ρ =0). So, despite the spatially explicit context of our simulations and the assumed past expansion, our results are in relatively good agreement with former predictions. However, our simulations reveal a previously unnoticed behavior for spatially very heterogeneous but temporally slightly changing environments. Indeed, as compared to temporally stable environments, we find for ρ = 0.8 and α=0.5(see Table 3 ) that genetic diversity within deme (π) increases and that F ST decreases, before increasing again for lower ρ values.
[ Table 4 around here]
In Table 4 , we report the influence of temporal heterogeneity on the performance of Fu's F S and Tajima's D statistics. When environmental heterogeneity is strong or intermediate, both
statistics are shown to change from negative values in case of temporally constant environment to less negative or even positive values when ρ=0. In the case of spatially highly heterogeneous environments (α=0.5) the power of these statistics to detect departure from population equilibrium is considerably lowered in the presence of temporal heterogeneity, since the probability to get significant statistics is considerably less than the significance level, and even drops to zero for Fu's F S when ρ≤0.4. For a smaller K m value of 10, these statistics will have even lower power to evidence past range expansion (see Supplementary
Material Table S6 ).
[ Figure 3 around here]
Effect of environmental heterogeneity on mismatch distributions: We report empirical distributions of the number of differences between pairs of genes (mismatch distributions) in Figure 3 for a subset of the cases described in Table 1 . As reported previously (RAY et al. 2003) , the expected mismatch distributions are unimodal for ( K m > 50) and this mode is
-18 -indicative of the age of the spatial expansion (EXCOFFIER 2004; ROGERS and HARPENDING 1992; SLATKIN and HUDSON 1991) . When the environment is homogeneous, expected mismatch distributions are clearly bimodal for K m values lower than 50, with a first mode at zero due to recent coalescent events (Figure 3) . We overall find that spatial heterogeneity mainly affects mismatch distributions if K m is also smaller than 50 (Figure 3) . In that case, the first mode of the mismatch distribution becomes more important with increasing levels of spatial heterogeneity, which is again due to an increase in the proportion of recent coalescent events. We also note a shift of the second mode towards lower values with increasing environmental heterogeneity, suggesting that coalescent events occur just after the onset of the expansion and thus probably during the range expansion, and not mainly when genes are found in the ancestral deme as in homogeneous environments (CURRAT and EXCOFFIER 2005; RAY et al. 2003) . When K m>50, the mismatch distribution is only weakly affected by any degree of spatial heterogeneity.
[ Figure 4 around here]
In Figure 4 , we show the mismatch distributions expected after a range expansion in spatially heterogeneous environments for different degrees of temporal heterogeneity ρ . Temporal and spatial heterogeneity have also similar effects on the mismatch distribution, as pairs of genes have more recent ancestors in temporally more fluctuating environments. This pattern is however only found in spatially highly heterogeneous environments (Figure 4 , α=0.5), since we find no difference between the mismatch distributions taken from samples in spatially more homogeneous environments (α=5, Figure 4) . Finally, we note that temporal heterogeneity also adds to the variance of the mismatch distribution when environmental heterogeneity is not weak (if α≤ 1, see Figure 5 ).
[ Figure 5 around here]
-19 -
DISCUSSION

Effect of environmental heterogeneity on genetic diversity:
We have shown that levels of genetic diversity within and between demes are both affected by environmental heterogeneity after a relatively old range expansion. While genetic diversity is smaller in samples taken in more heterogeneous environments, the overall degree of genetic structure is usually stronger.
These results can be understood by considering two factors that are affected by environmental heterogeneity. First, the total number of demes where gene lineages can actually migrate will decrease with larger environmental heterogeneity, implying that pairs of gene will have a larger chance to occur in the same deme and thus to coalesce with smaller α values. Second, the rate of coalescent event within deme is increased in environments with larger environmental heterogeneity, because the increase in coalescent probability in small demes is more than compensated by its decrease in large demes (WAKELEY and ALIACAR 2001) .
Therefore, increasing environmental heterogeneity has the same effect as a decrease in Km value in homogeneous environment. Note however, that there is one exception to this general rule, which occurs in spatially highly heterogeneous environments, where low levels of temporal heterogeneity lead to a slight decrease in F ST . In that case, it seems that slight temporal deme size fluctuations can prevent some recent coalescent events to happen as small demes can have their size increased with temporal heterogeneity. Therefore, slight temporal heterogeneity leads to a virtual homogenization of a highly fragmented and heterogeneous landscape.
Contrary to what we found in homogeneous environments (EXCOFFIER 2004; RAY et al. 2003) , the pattern of diversity is not just sensitive to the average number of genes exchanged between neighboring demes ( K m), but it is highly affected by the degree of environmental heterogeneity (Table 1, Figure 2 ). F ST also strongly depends on K and m separately in highly heterogeneous environments, and very little in homogeneous environment. For instance, when α≤1, F ST is much larger for small ( K =20) than for large ( K =10,000) average deme sizes
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-20 -( Figure 5 ). In more homogeneous environments, the separate effect of K and m tend to be very small on F ST (Figure 5 ), but it also affects patterns of diversity within demes (see Table 1 for two distinct entries with K m=10 and α =∝). Note that the relationship between genetic diversity and absolute deme size had been previously unnoticed in homogeneous environments (RAY et al. 2003) , since deme sizes larger than 100 were always used in previous simulation studies and this relationship is barely visible for large deme size. Overall, our results suggest that F ST can reach high values in a structured population where demes exchange a large number of migrants if environmental heterogeneity contributes to a large variance in deme size. This effect are reinforced by additional temporal heterogeneity, such that the relationship between F ST and migration rate in realistic and heterogeneous environments is far more complex than its expectation under the infinite-island model (WADE and MCCAULEY 1988; WHITLOCK and MCCAULEY 1999) .
While our implementation of immigration rate depending on the size of the surrounding demes is certainly more realistic than previous approaches, it has the disadvantage that any variation in deme sizes will affect immigration rates, making it impossible to separate the effect of these two forces on genetic diversity. Under a finite-island model, WAKELEY (2001) found that in contrast to a variation in deme sizes that always reduces the effective size of the population, variation in migration rates would decrease the effective size if 4 K m > 1 and increase it otherwise. Since most of our simulations correspond to cases where 4 K m >> 1 we expect that variation in immigration rates will reduce the effective size of our metapopulation, and thus enhance the effect due to the variation in deme sizes.
The role of extinctions:
In our model, extinctions simply follow from temporal fluctuations in deme densities. Extinction rates will depend on the global degree of temporal and spatial environmental heterogeneity, as well as the current densities of particular demes. The probability of going extinct will thus be larger for small than for large demes, unless there is no correlation in deme sizes between generations. This implementation differs from previous
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-21 -genetic metapopulation models (e.g. MARUYAMA and KIMURA 1980; SLATKIN 1977; WAKELEY and ALIACAR 2001) , where the probability of extinction was assumed constant over space and time. However, our results suggest that extinction is not a key parameter to predict pattern of molecular diversity, since we find that temporal and spatial heterogeneities have virtually the same effect (see Tables 1 and 3 ). Any local reduction in genetic diversity due to temporal heterogeneity added to spatial heterogeneity could thus be obtained by a more pronounced spatial heterogeneity, without any extinction. It suggests that extinction rates should be extremely difficult to estimate in practice if there is some degree of environmental heterogeneity.
The results we obtain under our metapopulation model after a range expansion differ from previous one by two other aspects. First, a study of an island model (PANNELL and CHARLESWORTH 1999) suggested that population turnover would only significantly affect genetic diversity if the extinction rate was of the same order of magnitude or greater than the migration rate. We actually find that genetic diversity is clearly affected even for extinction rates much smaller than the migration rate. If we estimate the extinction rate as the proportion of empty demes when ρ=0, then for the case of K =200 and m=0.2, extinction rates (ε) are approximately equal to 0.056 and 0.005 for α equal to 0.5 and 1, respectively. From Table 3, it is clear that all aspects of genetic diversity within and between demes are affected by temporal heterogeneity for α=0.5 (ε / m=0.28), and π and S are found slightly lower than in absence of extinctions for α=1 (ε / m=0.025). Second, the increased level of genetic structure measured by F ST observed in previous metapopulation models (e.g. WADE and MCCAULEY 1988; WHITLOCK and MCCAULEY 1990) can be attributed to the effect of extinction and recolonization on the total amount of diversity maintained in the metapopulation (PANNELL and CHARLESWORTH 1999) . However, in our case the total amount of diversity (as measured by π xy in Tables 1 and 3) is primarily affected by the expansion time and is relatively insensitive to spatial or temporal heterogeneity, and therefore the increase in F ST is primarily
-22 -due to a decrease in genetic diversity within deme with increasing environmental heterogeneity.
Detecting range expansions: Several statistics and approaches have been proposed to detect past range expansions from patterns of molecular diversity (EXCOFFIER 2004; HAMILTON et al. 2005; HARPENDING et al. 1998; KIMMEL et al. 1998; RAY et al. 2003) . The typical signature of such expansions consists in long external branches of gene genealogies (ROGERS and HARPENDING 1992; SLATKIN and HUDSON 1991) (Figure 2 ). Spatial and demographic bottlenecks will thus make it more difficult to evidence past range expansions from molecular data in heterogeneous than in homogeneous environments. The use of these statistics and F ST to detect selection, such as in genome scans (see e.g. STORZ et al. 2004; TESHIMA et al. 2006) (BEAUMONT 1999; BEAUMONT and BALDING 2004) should
show an excess of false positives. A future challenge would certainly be to estimate the extent of environmental heterogeneity from molecular data. Simulation conditions are as in Table 1 , but here K = 200 and m = 0.2 in all cases.
-34 - Simulation conditions are as in Table 2 .
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